We describe a time-line-based methodology for collecting exposure data for epidemiologic studies and for processing these data for statistical analysis with Ž . readily available software for the personal computer. The four components to this approach are: 1 collecting data in a memory-enhancing time-line Ž . Ž . format; 2 entering data from time lines into a computer database and editing them; 3 making a quantitative estimate of exposure, intake, or dose for Ž . each exposure event; and 4 creating analysis datasets by 'slicing' the quantified time lines based on desired exposure intervals or disease latent periods. Compared with fixed-format interviews, time-line-based interviews help subjects organize remembered events, thereby reducing confusion. They do not restrict responses to predetermined categorical exposure responses. The time-line methodology also facilitates the collection of supplementary data necessary for computing doses for complex exposures and the packaging of quantified exposures into analysis datasets for any time period of interest.
Introduction
Studies in environmental and occupational epidemiology depend on accurate and unbiased estimates of exposure. Exposures that precede the onset of disease are routinely evaluated with retrospectively administered interviews or questionnaires, as evidenced by epidemiologic studies that Ž evaluate exposures with dietary histories Goodman et al., . 1997; Slattery et al., 1997; Marangon et al., 1998 , smok-Ž ing histories Doll and Hill, 1950; Hirayama, 1981; Tri-. chopoulos et al., 1981 , dose reconstruction for exposure to Ž ionizing radiation Stevens et al., 1990; Kerber et al., . Ž . 1993 drug-use histories Grant, 1996; Tsuang et al., 1996 , Ž and alcohol use histories Severson et al., 1993; Falcao et . al., 1994 . When subjects must recall exposures from the distant past, their responses are subject to error and bias. Moreover, careful reconstruction of exposure histories can Ž . be quite expensive Shore, 1995 . Even with unlimited resources, researchers can still be hampered by data collection and management techniques necessary for computer analysis of complex exposure patterns.
In this paper, we discuss recent recommendations for improving the accuracy of recalled exposure data in inter-view studies and describe techniques for implementing them. We also describe how these new techniques are being used in an epidemiologic study of complex environmental, occupational, and medical exposures.
Improving recall with cognitive techniques
Investigators from many areas of epidemiology have made recommendations for improving recall methods to be used when retrospectively quantifying exposures. Some authors Ž . Correa et al., 1994; Stewart, 1994a,b, 1995 have advocated the use of cognitive interviewing techniques such as clear wording of standardized questions, proper question order, and memory aids to improve exposure assessment in interview-based occupational case-control studies. They maintain that these techniques improve both the accuracy and standardization of data collection methods.
Cognitive psychologists and survey researchers ŽTourangeau, 1984; Bradburn et al., 1987; Sirken et al., . 1988; Jobe and Mingay, 1989; Means et al., 1991 have shown that construction of a personal time line prior to or as part of an interview allows subjects to anchor exposures Ž . to important events weddings, birthdays, etc. and thereby improve the accuracy of recall and help reduce reporting errors. In areas that require the measurement of nutritional status, physical activity, and tobacco consumption, others ŽFriedenreich et al., 1992; Friedenreich, 1994; Kohlmeier, . 1994 Kohlmeier, . , 1995 Ž . In spite of these recommendations, Friedenreich 1994 has noted that epidemiologic investigators, particularly in retrospective case-control studies, have been slow to adopt cognitive techniques such as using time lines during interviews to improve the accuracy of collecting long-term exposure data. While many scientists have used time lines as cues to assist in historical recall, few have designed studies that actually incorporate time lines as a way of Ž . collecting interviewing , entering, editing, and analyzing data. Moreover, most recommendations for improving exposure assessment in epidemiologic studies have focused on the types of data required for more accurate and reliable exposure estimates rather than the ways by which the formats of personal interviews elicit information that affects the quality of the exposure data.
Defining and measuring exposure
Epidemiologically important components of an exposure are the units with which it is quantified and the timing of the exposure in relation to the disease or outcome of interest. An exposure can be measured as cumulative intake or dose, as the integral of the environmental concentration over time, or as the cumulative frequency of separate exposure events with or without weighting for expo-Ž sure intensity Correa et al., 1994; Ruttenber and Ragsdale, . 1995 . Epidemiologists usually measure the duration of exposure as the length of time from first exposure to the beginning of the hypothesized latent period for the disease of interest.
In practice, epidemiologists usually combine these two components of exposure by determining cumulative measures for specific time intervals that are based on study hypotheses and determined before the study begins. However, unless such measures are determined for both a wide range of time intervals and an adequate number of intervals, epidemiologists cannot explore the relation between cumulative exposure, the time period over which exposure Ž . occurred, and the risk for disease Pearce, 1988 . In other words, to account for a variety of possible latent periods for chronic diseases, exposure data must be collected at Ž regular intervals for most chronic diseases, an interval . length of 1 year is commonly used over the entire period that precedes the onset of disease.
Exposures that involve a single source can be evaluated reasonably well through a questionnaire that records recalled exposure events. For complex exposure histories that comprise exposures from multiple sources, questionnaires may not be adequate. For example, a farmer may be exposed to a variety of organophosphate pesticides over his or her lifetime-both in crop application and from residential and dietary exposures. Since organophosphates are marketed under a variety of brand names, it is a tall order to retrospectively construct an exposure history that successfully combines all organophosphate exposure events and adequately assesses intake.
Has the keypunch era been bad for the memory?
Just as important as the techniques to enhance the recall of exposure events are the methods by which exposure data are collected and transferred to computer databases. Moreover, the format of questionnaires and the design of databases can actually determine the quality of exposure data that will be collected through interviews or record reviews. Historically, exposure data for epidemiologic studies have been collected with a questionnaire or interview that has a fixed number of questions-each having a fixed set of alternatives from which to select. The predominance of this format arose from concern over interviewer bias, the desire for more precise exposure definitions, and the need to convert information from interviews into computer-readable datasets for statistical analysis.
This data transformation was first made with mainframe computers and programming languages or software that was difficult to use and provided only crude methods for visualizing data. The technology for epidemiologic analysis has advanced from mainframe computers to the expanded use of personal computers with a wide array of software for manipulating relational databases and performing statistical analyses. Yet, the fixed-format questionnaire has persisted as the method of choice for most epidemiologic studies, where exposure categories are presented as lists of choices.
In spite of its popularity, the fixed-format questionnaire or interview has a number of weaknesses. Since administering a fixed-format questionnaire requires a pre-established order for questions about exposure, it is difficult to go back and forth between different types of exposure and between different time periods. If the respondent's preferred recall order differs from that of the questionnaire, the respondent may become confused while attempting to remember exposure events in their proper order of occurrence. This 'subject burden' becomes larger when exposures to a variety of agents are collected such as during a dietary interview or questionnaire for a period of more Ž . than 1 day Kohlmeier, 1995 . It is conceivable that a subject may reach such a level of frustration that hershe refuses to devote the necessary attention to choosing the most accurate responses.
In a multi-industry occupational study, it would be difficult to design and administer a fixed-format questionnaire that would include all choices necessary for estimating exposures to a variety of chemicals. Even if a predetermined list was comprehensive, linking different agents in time with different exposure events would be confusing to the subject and would most likely increase measurement error.
In a more simplified setting, a fixed-format questionnaire may force the respondent to choose from a predetermined set of exposure categories that may not clearly or accurately represent the exposure for that subject. For example, in a fixed-format interview designed to determine the intensity of cigarette smoking for each trimester of pregnancy, a new mother may have trouble choosing the correct estimate from a list, if she stopped smoking 1-5 cigarettes per day when she learned she was pregnant midway through the first trimester. The categories 'none' and '1-5 per day' would both be inaccurate.
An alternative to the fixed-format interview is for the interviewer and subject to order the interview data within the structure of time lines. A time line can be constructed for each exposure category of interest, and the exposure history considered to be a series of events along the time line, each with a duration that starts with the finish of the preceding exposure and ends at the beginning of the next for continuous exposures, and acute events appearing as single events amidst periods of no exposure.
In the above example, the new mother would be able to report that for the 2-year period before pregnancy, she smoked five cigarettes per day and then stopped when she learned she was pregnant-a date that she would be able to identify or estimate with the help of a time line that specified the birth date of her child. By specifying the 'start' and 'stop' times for her usual cigarette consumption, the average number of cigarettes smoked could be computed for each week, month, or trimester of pregnancy so that questions about the etiologic window for the outcome of interest could be answered with more precision.
The goal of a time-line-based interview is to graphically organize exposure events and supporting data along with important personal landmarks along one or more lines divided into time segments, each line representing an exposure of interest. With the data organized in this manner, the respondent has a frame of memory reference for reporting more complete and accurate exposure histories, since the subject's own life time line is the map upon which exposure events are located.
The flexible interview format of a time-line-based interview also helps the interviewer and the respondent to maximize the organization of temporal sequences of exposure events. For example, during the reconstruction of an exposure history, a participant may have difficulty remembering where he or she worked during a particular time period. The personal landmarks on a time line such as residences or the birth dates of children provide memory cues to help trigger the respondent's memory.
Interviewing with time lines
We are currently conducting a case-control study of the relation between childhood leukemia and preconception exposure to ionizing radiation and chemical mutagens for parents, and in utero and early childhood exposures for children. To adequately evaluate this complex confluence of exposures, an interview must capture data that can be analyzed for preconception periods of variable lengths for each parent and the in utero and early childhood period for the child. To satisfy these criteria with a fixed-format interview would be extremely difficult; we therefore chose to implement a time-line-based approach. We also developed a computer-based visual editing system for entering and editing these data and for producing analytical datasets Ž . Ž for any time period 'etiologic windows' of interest Yin . et al., 1998 . Before the in-person interview, parents of subjects are contacted by telephone and told they will be asked the location of their previous residences, their occupations, and about medical procedures they may have undergone. They are encouraged to consult their personal records and to bring pertinent materials with them to the interview. Each parent is interviewed separately. The interviewer begins by constructing a reference or milestone time line Ž . by entering the participant's major life events Figure 1 .
Each parent is then asked to reconstruct a residential history. The length of each residence is marked on the residential time line, which is similar to Figure 1 . Each residence is assigned a unique letter code, which corresponds to a data form that contains the address of the residence. The location of the residence is then used to estimate annual radiation doses from cosmic and terrestrial background sources, based on altitude and whether the residence is on the coastal plain, Piedmont plateau, or in the mountains. Lifetime radiation doses from background sources are also estimated for the case and control child subjects in a similar manner by using the children's residential history as reported by the parents.
A history of jobs held since high school is then elicited and recorded on a time line, and parents are questioned about potential exposures to ionizing radiation and toxic chemicals associated with each job. For jobs with potential exposure to ionizing radiation, information is obtained in adequate detail to make requests from employers for radiation dosimetry records that have been kept since the 1960s. For jobs with potential exposure to mutagenic chemicals, job titles and descriptions of duties are recorded in enough detail to identify workplace exposures to specific chemi- cals by using both the job exposure matrix developed by the National Institute for Occupational Safety and Health Ž . Sieber et al., 1991 and the expert judgement of an industrial hygienist for jobs not covered by the national job exposure matrix. We will also evaluate exposure by coding the industry and occupation classification of each job.
A history of medical procedures involving radiographic or nuclear medicine procedures is then elicited and recorded on another time line. Details regarding the facility where the procedure was conducted and the specific reasons for performing the procedure are recorded so that records can be retrieved, if necessary, to aid in reconstructing gonadal doses. Details of occupational and medical exposures are recorded on the data collection forms and related to the time line by letter codes. Because medical exposures to ionizing radiation can be quantified as doses to the ovaries or testes, doses from each exposure event can be added to others within a given period of interest, and also be added to doses for background radiation and occupational exposures. For common medical procedures, we use average Ž doses reported in the literature Shirasta et al., 1977; Laws and Rosenstein, 1978 ; National Council on Radiation Pro-. tection and Measurement, 1989; Gregg, 1997 ; for unique procedures, we obtain medical records and consult with experts in medical physics in order to compute doses.
By basing exposure inquiries on time lines, the interviewer and respondent can move back and forth among the Ž three exposure groupings environmental, occupational, and . medical as well as forward and backward in time, allowing cues from occupations to help identify residences or medical procedures and vice versa. Such freedom is not available with fixed-format interviews. For instance, to help an interviewee recall details of employment, the interviewer could provide important information from other parts of the interview, such as, ''According to the residence and landmark information you provided, your daughter was 2 years old at this time and you were living on Harbor Avenue in San Francisco.'' These additional data optimize the participant's retrieval of details such as the start date, stop date, and job duties during a particular time period.
In this example, personal landmarks help organize exposure data from multiple exposure sources in a single Ž interview e.g., residences, occupations, medical proce-. dures, and drinking or smoking habits . These exposure histories are elicited from the study participant and recorded on data collection forms that correspond to the exposure sequences on a time line. The open-ended format of the interview gives the interviewee an opportunity to describe important details about occupational exposures, such as unique work practices and use of protective equipment. This information is important to industrial hygienists who use it in estimating intake or dose. An opportunity to record this type of information for each exposure event is Ž . Ž . Journal of Exposure Analysis and Enzironmental Epidemiology 1999 9 2not usually a part of a traditional, fixed-format questionnaire or interview.
Controlling interviewerr r r r rrespondent bias
Differences in the way open-ended questions are asked and recorded by different interviewers may present opportunities for bias. This source of bias can be reduced by keeping the interviewers blinded to the case or control status of their interviewees. Interviewer bias and misclassification can also be minimized by providing an interview script with a list of important exposure details to be elicited from each respondent. Training, monitoring, re-interviewing a sample of respondents, and periodic re-training of interviewers also increase inter-and intra-interviewer consistency. Verification of reported exposures with occupational or medical records and through interviews with family members can also help minimize variability in data quality.
Since the time-line-based interviews are visually oriented, they are best administered 'in person,' with both interviewer and interviewee discussing the placement of landmarks and exposure periods on one or more time lines. In situations where an interview must be conducted by telephone, a time line 'construction package' can be mailed to the interviewee, completed, and returned to the interviewer before the telephone interview is conducted. A similar approach can also be used for collecting data with a self-administered questionnaire, but questions about exposures must usually be designed in a fixed-format in order to assure that respondents provide a complete description.
We believe that the potential for bias in time-line interviews can be managed. This possibility for bias needs to be weighed against the possible misclassification bias and reduced accuracy in exposure quantification engendered by a fixed-format interview-particularly in studies with complex exposures.
Can you feed time lines to your computer?
An 'interview-friendly' time line with associated notes may be an accurate and effective way to retrospectively collect exposure data. However, if this methodology is to help quantify complex exposures, the data must be conveniently extracted to a computer database for analysis. To Ž . do so requires two operations: 1 recording and editing Ž the times each exposure began and ended 'start' and . Ž . 'stop' times ; and 2 for each exposure event, converting interview responses to quantitative measures such as environmental concentrations, intakes, or doses.
The simplest way to construct a database from a timeline interview is to first specify the time unit of interest Žthe shortest time interval that will be used for evaluating . exposure . Next, a data entry form or computer data entry screen is constructed to facilitate the entry of an array of variables that specify all the possible time units of interest for each type of exposure. Combining interview data on exposure events with estimates of environmental concentration, intake, or dose for each event produces quantitative estimates that can be used in epidemiologic studies. An estimate of an environmental concentration, intake, or dose could then be assigned to each time-specific variable.
For instance, to estimate the average annual exposure to 'agent X' over a 10-year period, 10 variables could be created-one for each year of exposure. The magnitude of each annual exposure could be assigned during the interview if it could be recalled accurately by the subject. Otherwise, it could be assigned later by an expert in interpreting exposures to 'agent X.' This approach is inefficient for data entry and editing, since the value of 'zero' would have to be assigned to each variable corresponding to a time period for which there was no exposure. Such data could be edited by double keypunch entry or by comparing the handwritten interview time line and supporting data with the data entry form and then comparing the form with a line listing of the computerized data.
Alternatively, reducing each unique exposure recorded on the time line to a start and a stop date and a value for the magnitude of exposure over this period would eliminate the need for the multiple 'zero' values in the above example. Recording exposures in this way, however, makes it difficult to enter and edit the data, since it requires comparing the original graphical time lines with time intervals recorded in a tabular or line-listing format. The editing of such data can be improved by using computer software to graphically represent start and stop dates as time lines that can be directly compared with the ones constructed by hand during the interview.
A variety of software packages can be used to implement the graphical time lines. For the time-line-based interview in the childhood leukemia study mentioned above, we have developed graphical editing programs with commercially available database software and with graphi-Ž . cal programming languages Yin et al., 1998 . These programs use start and stop dates to record interval-specific exposures for any time interval of interest. This approach simplifies the entry and editing procedures associated with data entry forms in which the duration of exposure is recorded in fixed-format fields. Once the temporal pattern of exposures has been recorded in this data system, detailed information from interviews can be used to compute intakes or doses, and thus can be combined over any time interval of interest.
The residential, occupational and medical exposure histories are transferred from paper interview records to computer data files by a series of computer data entry screens that closely resembles the data collection forms used during the interviews. The duration of each exposure event is denoted by start and stop dates. For complex exposures that require evaluation by experts, information about the intensity of exposure is transcribed in free text. Since start and stop dates are obtained for each exposure, individual exposures can be represented as graphic images Ž . on the computer screen Figure 2 with database software or other programming approaches.
Working with time-line-based data
Researchers use the time line viewing program to organize exposure events for determining completeness and consistency of exposure histories. The computer-generated time lines are compared with those recorded on paper during the interview to verify the accuracy of data entry. For Ž exposures that occur over the entire study period such as . exposure to background ionizing radiation , incomplete exposure data appear as gaps in time lines. Event records are changed, added, or deleted in the editing window by clicking on a time line with a mouse. When a change is made in the starting or ending time of an event in the editing window, the time line for the event is redrawn and the changes are simultaneously made in the database.
Through experience, we have learned that a 'time-line viewer' is not necessary for fast and accurate data editing. For each exposure time line, a table of successive start and stop dates can be generated from the computer database and then compared by hand with the dates on the supporting data sheets from the time-line interview. Experienced data managers prefer this approach because it is faster.
When the interview data have been edited, worksheets for each exposure event are produced by the software and used by health physicists and industrial hygienists to reconstruct gonadal doses from ionizing radiation and to identify chemical exposures. Converting exposure information to an intake or dose may be as simple as writing a few lines of computer code to calculate pack-years from a time line with start and stop dates and averages for the number of packs per day that were smoked in each interval. For a more complex exposure, such as inhalation of radioactive particles while working as a chemical processing operator in the nuclear weapons industry, computing an absorbed dose to bone may require more detailed calculations by experts.
These quantitative estimates of doses and other measures of exposure are then checked for accuracy in their computations and entered into the database. By separating original interview records from the worksheets for exposure and dose computation, a source of potential bias is removed. The completion of an estimate for an exposure event can be denoted by changing the color or texture of its corresponding computer-generated time line, or by other more common methods.
In our childhood leukemia study, each unique exposure to ionizing radiation is specified as a time interval defined by start and stop dates and an average absorbed dose for the exposure period. The computer interface was designed so that the time lines for exposure events can be 'sliced' for any combination of preconception interval and latent period and converted to analysis files by manipulating user-friendly buttons, or by executing simple programs with database management software. Since environmental, occupational and medical exposures are each converted to units of absorbed dose, they can be combined into cumulative gonadal doses for any specified 'slice' of exposure time.
Does the system really work?
Over the past 3 years, we have used a time-line-based system to collect exposure data for the previously described study of childhood leukemia. We have conducted over 450 interviews with parents of child cases and controls and used these data to compute ionizing radiation doses and construct analysis datasets. We have found it easy to train 10 interviewers to date, and all have reported success with eliciting data for complicated exposure histories. Some of the parents have actually requested copies of their time lines because they like the way they summarize their life histories.
We are in the process of designing a study to compare this technique with a fixed-format interview in order to evaluate its accuracy, efficiency, and cost. However, since both fixed-format and time-line techniques involve personal reports of past events and because the time-line approach uses techniques that have been shown to improve recall of events, we question the need for such evaluation. In comparison to other studies that we have conducted with fixed-format interviews, we feel that we have spent no more time in training interviewers, in administering interviews, or in creating and editing computer datasets.
Discussion
There are major disadvantages associated with using a fixed-format questionnaire for collecting retrospective exposure data. First, it is difficult to record exposures for many different time periods of variable lengths using a fixed-format questionnaire. Second, the accuracy of data for complex environmental exposures may be reduced by requiring subjects to select from a predetermined set of answers. Also, the completeness of an exposure history may be compromised since the standardized setting does not optimize the use of memory cues and interaction with the interviewer. It is also difficult to edit fixed-format data for complex environmental or occupational exposures that occur intermittently over long time periods. Finally, epidemiologic analysis of different etiologic time intervals Ž . 'etiologic windows' is limited by questionnaires that categorize exposures into a fixed number of predetermined intervals. Time-line-based interview and exposure estimation techniques offer solutions to many of these problems.
Ž . We agree with Stewart and Stewart 1994a that experts in exposure assessment can substantially improve the validity of exposures or doses that are estimated for subjects in epidemiologic studies. Data collection by time-line-based interviews allows research subjects to report the comprehensive details about exposures that experts need for making valid exposure estimates. In a recent article comparing self-reported exposures to expert review of occupational exposures, authors concluded that the sole use of self-reported exposures was insufficient in most community-based Ž . studies Fritschi et al., 1996 . The open-ended time-linebased approach combines both self-assessment and an expert review, thus providing the most accurate data possible from which epidemiologists can make exposure estimates.
The time-line-based approach also allows epidemiologists to choose the level of detail in computing doses. Although extensive data may be collected during the interview, detailed exposure and dose computations need not be made for all exposures. This flexibility allows more effort to be applied to the primary exposures and to important confounding exposures. The techniques we have described can also be used to estimate intakes and doses for many types of exposures. For example, the system can be modified to record drug administration and medical treatment histories, as well as dietary histories. The continued improvement in software for personal computers has also made it possible to design more complex graphical representations with much less programming effort. These improvements make the approach that we have described here a pragmatic solution, promising to improve the accuracy of recalled exposure histories in epidemiologic studies, from data collection to analysis.
